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Abstract 25 

 26 

We deployed semi-permeable membrane devices (SPMDs) on beaches for 28 days at 53 27 

sites in Prince William Sound (PWS), Alaska, to evaluate the induction potential from 28 

suspected sources of cytochrome P450 1A (CYP1A)-inducing contaminants.  Sites were 29 

selected to assess known point sources, or were chosen randomly to evaluate the region-30 

wide sources.  After deployment, SPMD extracts were analyzed chemically for persistent 31 

organic pollutants (POPs) and polycyclic aromatic hydrocarbons (PAH).  These results 32 

were compared with hepatic CYP1A enzyme activity of juvenile rainbow trout injected 33 

with the same extracts prior to clean-up for the chemical analyses.  Increased CYP1A 34 

activity was strongly associated with PAH concentrations in extracts, especially chrysene 35 

homologues but was not associated with POPs.  The only apparent sources of chrysene 36 

homologues were lingering oil from Exxon Valdez, asphalt and bunker fuels released 37 

from storage tanks during the 1964 Alaska earthquake, creosote leaching from numerous 38 

pilings at one site, and PAH-contaminated sediments at Cordova Harbor.  Our results 39 

indicate that PWS is remarkably free of pollution from PAH when nearby sources are 40 

absent as well as from pesticides and PCBs generally. 41 

 42 

Keywords:  Pollution monitoring, oil spills, sources, PAH, PCB, SPMD 43 

 44 

1.  Introduction 45 

 46 
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 Oil from the T/V Exxon Valdez (EVO) has been surprisingly persistent on some 47 

beaches in western Prince William Sound (PWS), after deposition following the spill in 48 

1989.  Estimated loss rates of < 4% yr-1 for the buried oil imply persistence for decades 49 

(Short et al. 2007), presenting a potentially long-term reservoir of bioaffective 50 

contaminants to wildlife.  However, distinguishing any long term biological effects of 51 

this oil from those of other contaminant sources is highly problematic. 52 

  53 

Several species that interact with the intertidal zone in the spill-impacted part of 54 

PWS have shown prolonged expression of cytochrome P450 1A (CYP1A), a substrate-55 

inducible enzyme that is a sensitive biomarker of exposure to planar contaminants such 56 

as polycyclic aromatic hydrocarbons (PAH), certain polychlorinated biphenyls (PCBs) 57 

and other persistant organic pollutants (POPs).  Expression of CYP1A in PWS nearshore 58 

vertebrates such as sea otters (Enhydra lutris) harlequin ducks (Histrionicus histrionicus) 59 

and crescent gunnels (Pholis laeta)  has been highest in animals taken from locations 60 

where EVO has been most persistent, and has appeared to decrease as the oil dispersed 61 

(Bodkin et al. 2002, Jewett et al. 2002, Trust et al. 2000).  These patterns suggest that 62 

exposure to remaining EVO, a known CYP1A inducer (Woodin et al., 1997), may be the 63 

source of the CYP1A induction observed in these animals.   64 

  65 

Whether the EVO remaining on PWS beaches is sufficiently bioavailable to 66 

induce CYP1A in wildlife is a matter of some controversy.  Once hardened into highly 67 

viscous tar mats and asphalt pavements, the resistance to mass transfer of PAH is so great 68 

that loss rates of PAH may become extremely low.  However, sea otters and ducks can 69 
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disturb sediments while foraging (Kvitek and Oliver 1992; Calkins 1978), and any 70 

subsurface oil encountered could contaminate their pelage or plumage.  Oil ingested 71 

during subsequent preening (Bodkin et al. 2002, Trust et al. 2000) provides an exposure 72 

pathway for eliciting CYP1A induction and potentially toxic effects (Schwartz et al. 73 

2004).  74 

 75 

 Evidence of CYP1A induction alone is not sufficient to identify the source of the 76 

inducing agent when numerous potential sources may be present (Short and Springman 77 

2006).  In PWS, several sources of potential CYP1A inducers besides EVO must be 78 

considered.  Putative sources include atmospheric transport of POPs (Stern et al. 1997), 79 

PAH associated with erosion of terrestrial hydrocarbon source rock outcrops transported 80 

hydraulically to the northern Gulf of Alaska and then by the Alaska Coastal Current to 81 

PWS where they are deposited on the seafloor (Page et al. 1996, Short et al. 2007), POPs 82 

associated with adult salmon returning to PWS to spawn (Krümmel et al. 2003, Ewald et 83 

al. 1998), small spills of diesel and bilge oils from marine vessels, residues of asphalt and 84 

bunker fuels derived from the Monterey Formation in California and released from 85 

storage tanks in PWS that ruptured during the 1964 Alaska earthquake (Kvenvolden et al. 86 

1995), and operations associated with continuing industrial activity in PWS such as 87 

salmon hatcheries.  Resolving contributions from these prospective sources to observed 88 

CYP1A responses in biota presents a considerable challenge. 89 

 90 

 One promising approach for evaluating the CYP1A induction potential of a 91 

contaminant source involves injecting fish with contaminants accumulated by semi-92 
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permeable membrane devices (SPMDs) deployed at locations strongly affected by the 93 

candidate source (Springman et al. 2008).  This approach does not require knowledge of 94 

the chemical identity of the suspected contaminant, although analysis may provide this.  95 

Rather, it examines the biomarker response from the bioavailable complex mixture 96 

without selective filtration if the accumulated contaminants are injected without cleanup.  97 

At a minimum, prospective contaminant sources that are not capable of eliciting CYP1A 98 

responses in biota can be identified at high confidence when the injected contaminants 99 

fail to elicit a response, provided the amount of contaminant injected is comparable with 100 

those likely to be accumulated through passive equilibrium partitioning by the same 101 

organisms exposed in the field. 102 

 103 

 Our objectives in this study are to distinguish which contaminant sources in PWS 104 

are capable of eliciting CYP1A activity in dosed fish and to identify which compounds of 105 

the sampled complex mixture are most responsible.  To accomplish this, we deployed 106 

SPMDs at a variety of locations that included all the prospective contaminant sources 107 

mentioned above. In Part I of this study, we measured the CYP1A induction potential of 108 

contaminants extracted from deployed SPMDs and injected without clean-up into 109 

juvenile rainbow trout (Oncorhynchus mykiss, Springman et al. 2008).  Here we present 110 

chemical analysis results of extracts from SPMDs deployed to evaluate the compounds 111 

most likely responsible for induction, and of additional SPMDs deployed to better 112 

characterize contaminant sources and distributions in PWS.   113 

 114 

2.  Methods 115 
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 116 

2.1  Study Sites 117 

  118 

            We deployed SPMDs at 53 sites within PWS, including known and suspected 119 

contaminant source sites and sites selected at random to characterize the pollution burden 120 

of the Sound (Fig. 1).  Known contaminant source sites include boat harbors at Cordova 121 

(site 1, Table 1) and Chenega (site 2), patches of Alaska North Slope (ANS) oil 122 

remaining from the 1989 Exxon Valdez oil spill (sites 3 - 7) or of Monterey Formation 123 

bunker fuels released from ruptured fuel tanks at industrial “human activity” (HA) sites 124 

during the 1964 Alaska earthquake (sites 8 - 12), and salmon hatcheries (sites 13 - 17).  125 

Salmon streams (sites 18 - 22) are suspected as a source of contaminants released from 126 

decomposing carcasses of mainly pink salmon (Oncorhynchus gorbuscha) following 127 

spawning.  One stream from each of the five largest Alaska Department of Fish and 128 

Game districts was selected based on three criteria:  1) large returns of salmon during our 129 

study period, 2) small stream channels and narrow deltas where fish (with putative 130 

contaminants) would be concentrated, and 3) accessibility via float plane.  131 

 132 

To characterize region-wide, non-point contaminant sources, 30 sites were 133 

distributed at random among 5 sectors partitioning the Sound (depicted in Fig. 1).  The 134 

number of sites within each sector was proportional to the total sector shoreline length 135 

(sites 23 – 52).  This stratification reduced site clustering that could result from un-136 

restricted random selection, ensuring site dispersion throughout the sound.  Additionally, 137 

to better evaluate PAH availability, one SPMD was located at a long-term monitoring 138 



 

 

 

ACCEPTED MANUSCRIPT 

 

 7 

station (Karinen et al., 1993) in Constantine Harbor (site 53).  At this site, PAH 139 

associated with hydrocarbon-rich rocks eroded from geologic sources east of PWS have 140 

an intertidal sediment concentration of 561 ± 15.2 ng/g (± standard error here and 141 

following) including the same suites of 2- to 4-ring PAH as are typically found in crude 142 

oils (Short and Babcock 1996).  Finally, one site was located in Graves Harbor (site 54), 143 

a remote site in southeast Alaska ~ 300 km east of PWS and upcurrent of the geologic 144 

hydrocarbon sources east of PWS to serve as a regional control. 145 

 146 

 The ANS sites (3 – 7) correspond with the following respective beach segment 147 

identifiers that are used extensively in the literature on the Exxon Valdez oil spill, 148 

including Part I of this study (Springman et al. 2008): DI067A, EL056C, KN109A, 149 

KN114A, and KN136A.  These sites are on Disk Island, Eleanor Island and Knight 150 

Island.  151 

 152 

 Random site locations were determined by considering the shoreline within a 153 

sector as a continuous line of total length L, generating a random number r between 0 and 154 

1, and finding the location coordinates associated with the product (r·L).  The SPMD was 155 

deployed at the nearest suitable location to the calculated coordinates. 156 

 157 

 Additional local control sites were selected for the ANS and HA sites to evaluate 158 

the spatial extent of contaminants from these sources.  At the ANS sites, SPMDs were 159 

deployed within patches of beach that contained obvious subsurface oil, to promote 160 

accumulation of dissolved oil components.  Associated local control deployments were 161 
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on apparently un-oiled beaches within 0.5 km of the oiled SPMD deployment location.   162 

At the HA sites, SPMDs were deployed within patches of surface asphalt (4 sites), or 163 

subsurface oil at one site (site 9), again to promote accumulation of dissolved oil 164 

components, and local control SPMDs were deployed along shore on un-oiled portions of 165 

the same beach, within 100 m either side of the oil deposit.   166 

 167 

2.2  SPMD Deployment and Processing 168 

 169 

 All the SPMDs were deployed at mid-tide height on beaches, in one of 2 types of 170 

canisters.  The SPMDs were obtained from Environmental Sampling Technologies (EST, 171 

St. Joseph, MO), and were usually deployed in cylindrical cages 30 cm long, each 172 

containing 5 SPMDs woven on stainless steel carriers stacked within the cage.   Only 1 173 

SPMD was deployed at the local HA control locations and at 21 of the random sites, 174 

contained within a canister housing 6 cm long.  Each SPMD was 91.4 cm long and 2.5 175 

cm wide, and contained 1 ml of ultra-high purity triolein.  Canisters containing 5 SPMDs 176 

were used to increase the amount of accumulated contaminants available for chemical 177 

analysis and for injection into juvenile rainbow trout that were assayed for CYP1A 178 

induction (see Springman et al. 2008 for details), while those containing only 1 SPMD 179 

were used to extend the geographic range of contaminant surveillance and were only 180 

analyzed chemically.  181 

  182 

 At each deployment site, the cages were half-buried in pits excavated on 183 

shorelines at the mid-tide level of each site, with the other half exposed to the 184 
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atmosphere.  After placement in a pit, the excavated material was replaced to the level of 185 

the beach surface, surrounding, but not covering, the cage.  The grain sizes of sediments 186 

on most PWS beaches range from pebbles to boulders, with relatively little mass 187 

associated with sand and finer-grained sediments that could pass through the 2 mm 188 

diameter of the SPMD cage perforations (Hayes and Michel 1999).  Hence, little 189 

sediment accumulated within the cages while deployed, and in no case more than 190 

partially covered the bottom-most SPMD in the cage.  This deployment arrangement 191 

therefore exposed SPMDs to the atmosphere at lower tides, to surface seawater at higher 192 

tides, and to mainly interstitial water flow within the upper 15 cm of beach for the larger 193 

canisters, while minimizing biofouling and direct contact with beach sediments.  Field 194 

blank cages were briefly exposed to the atmosphere during some of the deployments.  195 

Cages were deployed for 27 – 28 days, and then retrieved for dialysis of accumulated 196 

contaminants.   197 

 198 

Contaminants accumulated by the SPMDs were recovered by dialysis into hexane 199 

at EST labs as described in Huckins et al. (2000).   The dialysates from all SPMDs within 200 

a deployment canister were combined to create a composite sample.  Following 201 

concentration of the dialysates to ~1 ml hexane, samples were partitioned into 202 

subsamples for analysis.  For samples derived from 5 SPMDs, the sample was partitioned 203 

into 3 aliquots for chemical analyses each containing 5% of the sample, and 2 more 204 

aliquots of 42.5% each for injection into juvenile trout for determination of CYP1A 205 

activity.  One each of the aliquots for injection and for chemical analysis was archived in 206 

the event of accidental losses.  For samples derived from 1 SPMD, the sample was split 207 
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into 2 aliquots for chemical analysis of PAH and POPs with no sample spared for 208 

archives.  This arrangement produced twice as much contaminant mass available for 209 

chemical analysis from the single-SPMD deployments compared with the deployments 210 

involving 5 SPMDs (0.5 vs. (5 x 0.05 = 0.25)) assuming equivalent deployment 211 

conditions and performance, resulting in expected environmental detection limits for the 212 

single-SPMD deployments to be lower by a factor of 2.   213 

 214 

2.3  Sample Analysis 215 

 216 

 The sample extracts were analyzed chemically for suites of 2- to 5-ring PAH 217 

(including alkyl-substituted and dibenzothiophene homologues, the latter more accurately 218 

denoted as polycyclic aromatic compounds but included here as PAH), selected legacy 219 

pesticides and selected PCBs listed in Table 1.  The PAH were analyzed in sets of twelve 220 

plus one method blank, one spiked blank, and two reference samples at ABL following 221 

the method described in Short et al. (1996).  Briefly, the hexane aliquot for PAH analysis 222 

was purified by 20 g:5 g silica:alumina column chromatography and gel permeation 223 

HPLC, following addition of a suite of perdeuterated PAH used as internal standards.  224 

Purified PAH were measured by gas chromatography/mass spectrometry (GCMS) 225 

operated in the selected ion monitoring mode, and were quantified on the basis of a 5-226 

point calibration curve of the most similar PAH standard available. 227 

 228 

 The POPs were analyzed in sets of four to twelve SPMD samples plus one 229 

method blank and one spiked method blank.  Method blanks were prepared by adding 0.5 230 
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ml of dichloromethane to a 2-ml vial.   Spiked method blanks were prepared by adding 231 

0.5 ml of dichloromethane and a spiking solution of analytes to a 2-ml vial; PCBs were 232 

spiked at approximately 0.3-1.3 ng sample-1 and pesticides were spiked at approximately 233 

6 ng sample-1.   An internal standard (PCB 103) was added to each method blank, spiked 234 

blank and SPMD sample in its original 2-ml vial.  PCBs are identified here according to 235 

the scheme presented by Ballschmiter et al. (1992) 236 

 237 

 Samples were cleaned up by size-exclusion high-performance liquid 238 

chromatography using a 350-mm x 21.2-mm Envirosep ABC® preparatory column and a 239 

60-mm x 21.2-mm Envirosep ABC® guard column, (Phenomenex, Inc., Torrance, CA), 240 

with dichloromethane as the mobile phase  (Sloan et al. 2005).  Extracts containing low 241 

amounts of PAH etc. were also cleaned up by gravity-flow silica/alumina 242 

chromatography using columns packed with 20 cc of silica gel on top of 10 cc of alumina 243 

wetted with dichloromethane, and the samples were eluted with 45 ml of 244 

dichloromethane (Sloan et al. 2005).  Extracts containing high amounts of PAH etc. were 245 

cleaned up by gravity-flow acidic/basic silica chromatography.  Columns were packed 246 

with 5 cc of neutral silica gel (lower layer), 5 cc of KOH impregnated silica gel (middle 247 

layer), and 15 cc of 40% (w/w) sulfuric acidic impregnated silica gel (upper layer) wetted 248 

with 60 ml of 1:1 dichloromethane:hexane.  The samples were eluted with 45 ml of 1:1 249 

dichloromethane:hexane 40 minutes after being loaded on the column to allow reaction 250 

with the acidic silica (Krahn et al. 1994, modified; see also Sloan et al. 2005 for further 251 

details). 252 

 253 
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 All samples were analyzed by GCMS in selected-ion monitoring mode using a 254 

60-m x 0.25-mm, 0.25-µm film thickness DB-5® GC column (J & W Scientific, Folsom, 255 

CA) and a 10-m x 0.53-mm deactivated fused-silica guard column, with cool on-column 256 

injection and helium carrier gas (Sloan et al. 2005).  The concentrations of analytes were 257 

calculated based on the internal standard and point-to-point (also known as piece-wise 258 

linear) calibration using six concentrations of calibration standards ranging from 259 

approximately 0.001 to 0.1 ng µl-1 for each analyte.  The lower limit of quantitation 260 

(LOQ) was reported when the GCMS response for that analyte in that sample was below 261 

the GCMS calibration range.  LOQs were calculated individually by analyte and by 262 

sample (Sloan et al. 2004). 263 

 264 

 Induction of CYP1A in juvenile trout livers following injection of sample aliquots 265 

was evaluated by the ethoxyresorufin-O-deethylase (EROD) assay, based on an original 266 

method by Pohl and Fouts (1980) and modified for a microplate spectrofluorometer 267 

(Hodson et al. 1996).  Molar specific activity was reported as picomole resorufin per mg 268 

protein per minute (pmol mg-1 min-1).  Details of the exposure conditions and assay 269 

methods are given in Springman et al. (2008). 270 

 271 

 The oil in the patches at the ANS sites had previously been confirmed as remnants 272 

from the 1989 Exxon Valdez oil spill (Short et al. 2004).  The Monterey Formation 273 

source of the oil at the HA sites was confirmed on the basis of tricyclic and tetracyclic 274 

terpane analysis as described by Kvenvolden et al. (1995). 275 

 276 
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2.4  Data Analysis 277 

 278 

 Concentrations of PAH in the SPMDs are presented as ng gSPMD
-1, with three 279 

figures significant.  To facilitate comparison among samples, individual PAH 280 

concentrations were normalized to the total PAH (TPAH) concentration of the sample. 281 

 282 

 A rough approximation of ambient dissolved PAH concentrations may be inferred 283 

from concentrations measured in SPMDs.  Sundberg et al. (2005) estimate dissolved 284 

concentrations corresponding with contaminant concentrations measured in SPMDs as: 285 

    Cw = CSPMD · k1(s)
-1 · t-1    (1) 286 

where Cw and CSPMD are the contaminant concentrations in water and the SPMD,  k1(s)  is 287 

the sampling uptake rate constant of the SPMD for the contaminant in l d-1 gSPMD
-1, and t 288 

is the exposure time of the SPMD to the sampled medium.  Luellen and Shea (2002) 289 

present estimates of PAH uptake rates as device sampling rates RS (in l d-1), where RS  = 290 

m · k1(s), and m is the mass of the SPMD.  The average value of RS for the 2 – 4 ring PAH 291 

listed by Luellen and Shea (2002) is 4.4 l d-1 for SPMDs identical with ours, implying 292 

values of k1(s)  near 1 l d-1 gSPMD
-1, and k1(s)  estimated for PCBs are also near 1 l d-1 gSPMD

-1  293 

(Meadows et al. 1998).  Assuming an effective exposure time of 14 d (because the 294 

SPMDs were submerged half the time during 28 days and neglecting PAH absorbed from 295 

the atmosphere) implies aqueous TPAH concentrations on the order of  Cw = CSPMD · (14 296 

d)-1 ng l-1 when CSPMD  is given as ng gSPMD
-1.   Given the numerous assumptions 297 

involved, including neglect of partitioning with particulate organic matter, constant 298 

uptake rates during the exposure period and neglect of increased uptake from direct 299 
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contact with sediments infiltrating the deployment cages (Booij et al. 2003), this 300 

approximation is probably only accurate to within a factor of 3 – 5, which suffices to 301 

indicate the order of magnitude of the mean aqueous PAH concentrations. 302 

 303 

3.  Results and Discussion  304 

 305 

3.1  Boat Harbors and Anchorages 306 

  307 

 The entrance to Cordova Harbor is constricted, promoting retention of 308 

contaminants released from the numerous potential sources within it, and leading to 309 

substantial accumulation of PAH by the SPMD deployed there.  The TPAH concentration 310 

of the SPMD was 73,700 ng g-1, equivalent to ambient PAH concentrations on the order 311 

of 5 �g l-1 (eq. 1).   Phenanthrenes/anthracenes and fluoranthenes/pyrenes were the most 312 

abundant homologous series, declining in abundance with increasing alkyl substitution 313 

within each series (Fig. 2A).  This PAH distribution pattern reflects the composite input 314 

from multiple sources, including spilled fuels and lubricants, and combustion exhaust 315 

products from inboard and outboard motors.   316 

 317 

 The much smaller and less confined harbor at Chenega results in considerably 318 

lower PAH concentrations compared with Cordova harbor.  The TPAH concentration in 319 

the Chenega SPMD, 1,690 ng g-1, was less than 2% of the concentration accumulated 320 

during the Cordova harbor deployment, and equivalent to dissolved concentrations on the 321 

order of ~121 ng l-1.  The PAH distribution pattern from Chenega resembled that of the 322 
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Cordova deployment, with phenanthrenes/anthracenes and fluoranthenes/pyrenes the 323 

most abundant homologous series, and with declining abundance with increasing alkyl 324 

substitution within each series (Fig. 2B).  Nearly identical patterns were evident at the 325 

two random sites where TPAH were greatest, in Sawmill Bay (site 26, about 3 km from 326 

the Chenega harbor site and within the same embayment), and at Windy Bay (site 44, an 327 

embayment on the eastern side of PWS enclosing a commercial oyster farm), where the 328 

TPAH concentrations were 374 and 442 ng g-1, respectively (Table 2).  These SPMD 329 

concentrations imply that embayments that are more open than the harbor at Cordova 330 

have TPAH concentrations on the order of 30 ng l-1, likely from outboard motors and 331 

other small boat activity.  332 

 333 

 The concentrations of total PCBs and pesticides in the SPMDs indicate that these 334 

contaminants rarely exceeded 1 ng l-1 in ambient seawater.  At 32.9 ng g-1, the total PCB 335 

concentration in the SPMD deployed at Chenega harbor was among the highest of any 336 

found during this study (41.8 ng g-1 at nearby Sawmill Bay, site 26; Table 2).  At 337 

Cordova harbor the SPMD concentration was only 6.31 ng g-1.  Elsewhere, 90% of the 338 

SPMD concentrations were below 7 ng g-1 (median = 2.67 ng g-1, N = 89).  These 339 

concentrations substantially exceeded those of the laboratory blanks (range: <LOQ – 0.40 340 

ng g-1, N = 4) but not the field blanks (range: 2.00 – 16.3 ng g-1, N = 8).  The distribution 341 

of relative PCB concentrations was nearly identical among all the samples analyzed, 342 

including field blanks, with almost all the PCBs present within the congener range 17 – 343 

153 inclusive (Fig. 3).  This distribution pattern is similar to that evident in alpine lakes 344 

of Europe (Fernandez and Grimalt 2003, Van Drooge et al. 2004) or in open waters of the 345 
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Baltic Sea (Sundberg et al. 2005), indicating surface water absorption of gas-phase PCBs 346 

from the atmosphere.  These concentrations imply total aqueous PCB concentrations 347 

were below ~ 1 ng l-1 throughout PWS, except near Sawmill Bay where concentrations 348 

approach 3 ng l-1.   As noted by Sundberg et al. (2005), these part per trillion 349 

concentrations are unlikely to stimulate CYP1A induction in exposed biota. 350 

 351 

 Pesticide concentrations in the deployed SPMDs were at least as low as those of 352 

the PCBs, and were within the range of concentrations found in field and dialysis blanks.  353 

The summed concentrations of the pesticides listed in Table 1 ranged from <LOQ – 5.52 354 

ng g-1 (N = 87), compared with concentrations in field blanks ranging from 0.08 – 4.73 ng 355 

g-1 (N = 8), and in dialysis blanks ranging from 0.03 – 2.92 ng g-1.   The similarity of 356 

these concentrations suggests that the detected pesticides were trace level residues 357 

incorporated during SPMD manufacture or processing, rather than an indication of 358 

ambient environmental concentrations in PWS.  Because the concentrations of PCBs and 359 

pesticides were uniformly below thresholds likely to induce CYP1A in biota throughout 360 

PWS, we dismissed them as material factors and focused on PAH at the other sites 361 

considered in more detail below. 362 

 363 

 Injection of the SPMD extracts from the Cordova harbor SPMD elicited a strong 364 

2 d EROD response of 36 pmol mg-1 min-1, compared with a weak response from the 365 

Chenega harbor SPMD (5.8 pmol mg-1 min-1; Table 2).  The 7 d EROD response from 366 

Chenega was 2.97 pmol mg-1 min-1, and all these responses were significantly (P < 0.001) 367 

greater than those from control and un-contaminated sites 368 
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 369 

3.2  ANS Sites 370 

 371 

  The SPMDs deployed at the oiled ANS sites (sites 3 – 7, Table 2) consistently 372 

accumulated substantial PAH burdens.  The TPAH concentration in the SPMDs ranged 373 

from 8,920 – 263,000 ng g-1, equivalent to aqueous concentrations of 640 – 19,000 ng l-1 374 

(eq. 1).  These aqueous concentration estimates are comparable with direct measurements 375 

of dissolved-phase PAH in interstitial water that drained similar ANS oil patches in 2002, 376 

which ranged from 76 – 4,600 ng l-1 (average = 1,200 ng l-1; Payne et al. 2005).  The 377 

distribution of PAH homologues showed the characteristic preponderance of alkyl-378 

substituted PAH (Fig. 4A), which followed a weathering pattern diagnostic of ANS oil 379 

(Short and Heintz 1997), with chrysene homologues accounting for 5 – 9% of the TPAH.  380 

Accumulated PAH in replicate SPMD deployments at 2 of the 3 replicated sites agreed 381 

within a factor of 2, but at site 3 (at Disk Island), the PAH concentration in one replicate 382 

was ~ 19-fold greater than the other.  The Disk Island replicates were separated by 25 m 383 

in an extensive deposit of peat, and the low-PAH replicate was located in a surface 384 

stream above the peat layer that continually flushed the SPMD, which may have 385 

suppressed PAH accumulation.   Previous studies have shown that humic substances 386 

(including peat) increase the CYP1A induction of oil when the two are co-located, 387 

possibly by increasing the solubility of petroleum hydrocarbons (Matsuo et al. 2006).  388 

The stream at the Disk Island low PAH replicate transported the humic substances from 389 

the deployment site, and these results were reflected in the EROD activity elicited by 390 

extracts from these sites, particularly at 7 d.   391 
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 392 

 The injected aliquots of the SPMD extracts from the oiled ANS sites consistently 393 

elicited strong 2 d EROD responses, and often these responses persisted through 7 d 394 

(Table 2).  The 2 d EROD responses ranged from 27.5 – 59.4 pmol mg-1 min-1, and the 7 395 

d responses ranged from 2.73 – 100 pmol mg-1 min-1.  The EROD replicates also 396 

corresponded within factors of ~ 1.5 except for the 7 d responses at the Disk Island site 397 

(site 3), where the EROD response of the replicate in the stream-flushed peat was lower 398 

than that of the other less well flushed replicate by a factor of ~ 6 (Springman et al. 399 

2008).   400 

 401 

 The SPMDs deployed at the local control sites within the ANS sites accumulated 402 

far less PAH than those deployed at the oiled sites.  The TPAH concentrations ranged 403 

from 132 – 299 ng g-1, implying ambient seawater concentrations below ~20 ng l-1, 404 

consistent with results from direct measurements of background PAH in PWS seawater 405 

(Boehm et al. 2007, 2005; Carls et al. 2006, Neff et al. 2006).  Extracts from these 406 

SPMDs consistently failed to elicit a significant EROD response following injection into 407 

juvenile trout (Table 2; Springman et al. 2008). 408 

 409 

3.3  Human Activity Sites 410 

 411 

 Although PAH were readily accumulated by SPMDs deployed within patches of 412 

oil lingering from fuel tanks damaged by the 1964 Alaska earthquake, the induction of 413 

hepatic CYP1A following injection of extracted contaminants into trout was more 414 
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variable than results from the oiled ANS sites.  The patches of remnant oil at 4 of the HA 415 

sites were surficial asphalt pavements, and the SPMDs deployed within them 416 

accumulated TPAH concentrations ranging from 392 – 20,900 ng g-1 (Table 2).  The 417 

distribution of PAH homologues resembled that found at the small boat harbors (compare 418 

Figs. 2B and 4B), with phenanthrenes/anthracenes and fluoranthenes/pyrenes the most 419 

abundant homologous series, declining abundance with increasing alkyl substitution 420 

within each series, and chrysenes accounting for 0.5 – 5% of the TPAH.   Following 421 

injection into trout, these extracts consistently elicited low but significant 2 d EROD 422 

responses ranging from 2.91 – 6.40 pmol mg-1 min-1 (Table 2; Springman et al. 2008).  423 

These responses subsided substantially by 7 d, ranging from 1.75 – 2.74 pmol mg-1 min-1.   424 

 425 

 In contrast with the surficial asphalt patches at 4 of the HA sites, the SPMD at site 426 

9 (at McClure Bay) was deployed in contact with the only occurrence of subsurface 427 

Monterey Formation oil we have found in PWS, despite extensive sampling (Short et al. 428 

2004, 2006).  Chemical analysis confirmed the Monterey Formation origin of this oil, 429 

which is still semi-liquid after 40 years.  The distribution of PAH homologues at site 9 430 

resembles those of the SPMDs deployed at the ANS sites, showing the preponderance of 431 

alkyl-substituted PAH characteristic of crude and heavy refined oils, with chrysene 432 

homologues accounting for 6.7% of the TPAH (Fig. 4).  Although the TPAH 433 

concentration in the site 9 SPMD was not the greatest among the HA deployments, the 434 

combined chrysene homologues were (Table 2), and the associated EROD response was 435 

also much greater at 2 d (at 37.6 pmol mg-1 min-1) and at 7 d (at 15.7 pmol mg-1 min-1).  436 

These results illustrate how burial preserves CYP1A-inducing components of the oil, and 437 
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suggest that buried ANS oil may remain a potent source of CYP1A-inducing compounds 438 

for decades, given the current slow loss rate of subsurface ANS oil from beaches in PWS. 439 

 440 

 The SPMDs deployed at the local control locations within the HA sites show that 441 

the PAH contamination from the asphalt patches did not extend much beyond them. Just 442 

100 m on either side of these patches, TPAH concentrations in SPMDs ranged from 41 – 443 

229 ng g-1, similar to results from the control locations within the ANS sites.  As with the 444 

ANS local controls, extracts from the HA control SPMDs consistently failed to elicit a 445 

significant EROD response following injection into juvenile trout (Table 2; Springman et 446 

al. 2008). 447 

 448 

3.4  Salmon Hatcheries 449 

 450 

 Substantial PAH were accumulated by the SPMDs deployed at 2 of the salmon 451 

hatcheries (sites 13 and 15, Table 2), only one of which induced CYP1A.  The 452 

deployment at the hatchery in Sawmill Bay (site 13) was near several hundred creosote 453 

pilings.  This SPMD accumulated a TPAH concentration of 15,200 ng g-1, with a PAH 454 

homologue distribution similar to those elsewhere in Sawmill Bay (compare Figs. 2B and 455 

2C), except for the greater contributions from chrysenes and 5-ring PAH.  The higher 456 

concentrations and proportions of 4- and 5-ring PAH from site 13 resulted in a stronger 2 457 

d EROD response (34.8 pmol mg-1 min-1) compared with extracts from the other sites 458 

within Sawmill Bay (sites 2 and 44, Table 2), and this response remained elevated 459 

through 7 d (at 4.90 pmol mg-1 min-1). 460 
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 461 

 In contrast, a TPAH concentration of 10,900 ng g-1 accumulated by the SPMD 462 

deployed at Noerenburg hatchery (site 15) failed to elicit a significant EROD response 463 

following injection into trout (P > 0.92 for 2 d results; Springman et al. 2008; Table 2).  464 

The distribution pattern of the accumulated PAH indicates a diesel oil source, because the 465 

homologue distribution is truncated beyond the phenanthrenes/anthracenes (Fig. 5), 466 

reflecting the effect of distillation during refining.  The failure of this extract to induce 467 

CYP1A corroborates the low induction potency of lower molecular mass PAH noted 468 

previously (Sundberg et al. 2005, Barron et al. 2004).   Hence diesel spills, although 469 

chronic in PWS as a result of marine vessel traffic associated with commercial fishing, 470 

tourism, and personal transportation, may be discounted as a significant cause of CYP1A 471 

induction in biota. 472 

 473 

3.5  Salmon Streams 474 

 475 

 Concentrations of PAH accumulated by SPMDs deployed at the salmon streams 476 

during spring and summer ranged from 57 – 585 ng g-1 (N = 10; Table 2), similar to 477 

ranges from other sites not impacted by obvious local sources of PAH.  Despite these low 478 

TPAH concentrations, there was a small but significant increase in EROD response from 479 

the late summer deployments compared with those of late spring (Springman et al. 2008).  480 

The salmon streams sampled (N = 5) exhibited a high degree of inter-site consistency in 481 

spring (2 d mean value of 2.7 ± 0.062 pmol mg-1 min-1, CV = 0.052), which was repeated 482 

for the summer sampling with consistent, slightly elevated 2 d responses ranging from 483 
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3.24 – 5.73.  This slight seasonal increase in EROD response was attributed to 484 

contaminants associated with decomposing salmon carcasses by Springman et al. (2008). 485 

 486 

3.6  Random Sites, Constantine Harbor and the Regional Control Site 487 

 488 

 The TPAH concentrations of SPMDs deployed at the random sites were 489 

consistently low, and showed no evidence of a seasonal difference.  The TPAH 490 

concentrations of the spring deployments ranged from 25 – 374 ng g-1 (mean = 130 ng g-491 

1, N = 31), compared with a summer range of 40 – 442 ng g-1 (mean = 126 ng g-1, N = 13).  492 

Aside from the two sites where TPAH concentrations were greatest, (sites 26 and 44, 493 

discussed in sec. 3.1 above) and one site where naphthalenes account for over half the 494 

PAH detected (site 33, where TPAH = 332 ng g-1), the TPAH concentrations were below 495 

212 ng g-1.  This range of concentrations was similar to those found in the SPMD field 496 

blanks, where TPAH ranged from 63 – 213 ng g-1, consisting mostly of naphthalenes with 497 

some phenanthrenes and fluoranthenes/pyrenes detected consistently, and 498 

dibenzothiophenes and chrysenes occasionally detected near MDLs.  Because random 499 

deployment sites may be taken as characteristic of PWS as a whole, these results imply 500 

that ambient concentrations of TPAH in seawater within the Sound were usually less than 501 

~ 15 ng l-1, similar to results from the local control deployments at the ANS and HA sites.  502 

Collectively these results indicate that PWS is remarkably free of pollution from PAH, as 503 

well as from pesticides and PCBs, when nearby sources are absent. 504 

 505 
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 The SPMD extracts from the random sites failed to induce significant EROD 506 

responses following injection into trout (Table 2).  The 2 d EROD responses ranged from 507 

1.70 – 4.78 pmol mg-1 min-1 (N = 9), compared with responses from field and laboratory 508 

blanks that ranged from 2.80 – 6.40 pmol mg-1 min-1 (N = 5).  This confirms that EROD 509 

inducing agents were generally absent in PWS. 510 

 511 

 The low ambient PAH concentrations of PWS are probably typical of seawater in 512 

the northern Gulf of Alaska generally.  Comparable TPAH concentrations were found in 513 

SPMDs deployed at Constantine Harbor and at the regional control site in northern 514 

southeast Alaska (sites 53 and 54 respectively, Table 2).  The SPMD deployed at 515 

Constantine Harbor accumulated a TPAH concentration similar to those found in the field 516 

blanks (Table 2), despite exposure to interstitial water draining sediments containing a 517 

TPAH concentration of ~ 560 ng g-1 (Short and Babcock 1996).  This failure of the 518 

SPMD to accumulate TPAH from these sediments demonstrates that PAH associated 519 

with hydrocarbon source rock that is eroded by glaciers and then transported by the 520 

Alaska Coastal Current along the northern Gulf of Alaska into PWS do not induce 521 

CYP1A in fish and other biota, contrary to Huggett et al. (2003) (see Springman et al. 522 

2008 for more discussion).    523 

  524 

3.7 Identification of CYP 1A-Inducing Compounds in PWS 525 

 526 

  We sought to identify which components of the injected PAH mixtures are most 527 

closely associated with CYP 1A induction by regression analysis.  We began with a 528 
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comparison of linear and non-linear regressions of EROD activity on TPAH using a 529 

variety of functions and ranking results according to the goodness-of-fit as determined by 530 

the adjusted multiple-R2 and model parsimony.   The relation EROD = a [TPAH]
b
 (eq. 2) 531 

accounted for the variability of the data better than any other function evaluated, 532 

including those with as many as four parameters (Marquardt-Levenberg non-linear 533 

regression R2 = 0.87, N = 62; Fig. 10A).  When the TPAH concentration of the injection 534 

mixtures is low, EROD activity is consistently at the basal level, implying that PAH are 535 

the likely inducing compounds rather than some other unknown contaminants absorbed 536 

by the SPMDs but not measured by our chemical analysis. 537 

 538 

 The CYP 1A induction potencies of PAH vary depending on the number of 539 

aromatic rings, with 4- and 5-ring compounds much more potent than PAH with fewer 540 

rings (Barron et al. 2004).  We therefore compared non-linear regressions of TPAH, total 541 

4- & 5-ring PAH and total chrysenes with EROD activity to identify more precisely 542 

which PAH homologues in our injection mixtures best account for EROD induction.  543 

Using the same 62 samples that were used above to determine the functional form for 544 

EROD response to TPAH (eq. 2), the adjusted multiple-R2 values for total 4- & 5-ring 545 

PAH and total chrysenes were 0.87 and 0.92 respectively.  This indicates the chrysenes 546 

account best for the EROD activity for the mixtures we injected, whereas the total 4- & 547 

5-ring PAH account no better than do the TPAH.   The closer association of the 548 

chrysenes implies that other PAH do not materially contribute to EROD induction in the 549 

mixtures we injected.  The regression equation for the chrysenes is EROD = 58.3 550 

[chrysenes]0.306.  Comparison of a plot of this equation and associated data with the 551 
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original plot for TPAH (Fig. 6) illustrates the better fit with the chrysenes, caused mostly 552 

by 3 samples that had elevated TPAH but undetectable chrysenes and low associated 553 

EROD activities.  Note that the functional form of the EROD response implies that 554 

increasing responses imply disproportionately larger increases in exposure 555 

concentrations, which should be considered when interpreting results of monitoring 556 

programs based on the SPMD-extract injection method presented here. 557 

 558 

 The close association of chrysenes and EROD response is not surprising, given 559 

the PAH composition of the sources we evaluated and the general absence of other 560 

CYP1A-inducing compounds in PWS.  Compared with the model CYP 1A inducer 561 

benzo[a]pyrene, chrysene is more abundant in these sources (especially in ANS oil, 562 

where its concentration is more than 50-fold greater), and it is about as water-soluble 563 

(Mackay et al. 1992).  This higher abundance offsets the lower CYP1A induction potency 564 

of chrysene, which is ~25% that of benzo[a]pyrene (Barron et al. 2004).  In addition, 565 

alkyl-chrysenes are even more abundant in ANS oil and other PWS sources, although 566 

considerably less water soluble.  Alkyl-phenanthrenes are both abundant in PWS sources 567 

and substantially more soluble than are correspondingly-substituted chrysenes (Mackay 568 

et al. 1992), but their CYP1A induction potencies are lower by at least one order of 569 

magnitude.  Other PAH are either not as abundant or are not as potent (or both) as are the 570 

chrysene homologues.  We therefore conclude that chrysenes are primarily responsible 571 

for CYP 1A induction in PWS, at least when exposure occurs through aquatic contact 572 

(ingestion of prey contaminated by CYP 1A-inducing compounds is an independent 573 

exposure route that is not assessed by the SPMD-extract injection method described 574 
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here).  Hence, bioavailable sources containing substantial concentrations of chrysene 575 

homologues are likely to stimulate CYP1A induction in appropriate test organisms 576 

through aquatic exposure, and induction in resident biota exposed to these sources would 577 

not be surprising.  Such sources are relatively few in PWS and are limited to specific 578 

anthropogenic impacts, the Exxon Valdez oil spill being the largest.   579 

  580 

Acknowledgments 581 

 582 

This study was supported in part by the Exxon Valdez Oil Spill Trustee Council, 583 

but the findings and conclusions are those of the authors and do not necessarily reflect the 584 

views or positions of the Council.  Mention of products or services herein does not imply 585 

endorsement by the US government. 586 

 587 

References 588 

 589 

Ballschmiter, K., Bacher, R., Mennel, A., Fischer, R., Riehle, U., Swerev, M., 1992. The 590 

determination of chlorinated biphenyls, chlorodibenzodioxins, and chlorinated 591 

dibenzofurans by GC–MS, Journal of High Resolution Chromatography 15, pp. 592 

260–270. 593 

Barron, M.G., Heintz, R., Rice, S.D., 2004. Relative potency of PAHs and heterocycles 594 

as aryl hydrocarbon receptor agonists in fish, Marine Environmental Research 58, 595 

pp. 95-100. 596 



 

 

 

ACCEPTED MANUSCRIPT 

 

 27 

Boehm, P.D., Neff, J.M., Page, D.S.  2007.  Assessment of polycyclic aromatic 597 

hydrocarbon exposure in the waters of Prince William Sound after the Exxon 598 

Valdez oil spill: 1989-2005, Marine Pollution Bulletin 54, pp. 339-367. 599 

Boehm, P.D., Page, D.S., Brown, J.S., Neff, J.M., Bence, A.E., 2005. Comparison of 600 

mussels and semi-permeable membrane devices as intertidal monitors of polycyclic 601 

aromatic hydrocarbons at oil spill sites, Marine Pollution Bulletin 50, pp. 740-750. 602 

Bodkin, J.L., Ballachey, B.E., Dean, T.A., Fukuyama, A.K., Jewett, S.C., McDonald, L., 603 

Monson, D.H., O'Clair, C.E., VanBlaricom, G.R., 2002. Sea otter population status 604 

and the process of recovery from the 1989 'Exxon Valdez' oil spill, Marine Ecology 605 

Progress Series 241, pp. 237-253. 606 

Booij, K., Hoedemaker, J.R., Bakker, J.F., 2003.  Dissolved PCBs, PAHs, and HCB in 607 

pore waters and overlying waters of contaminated harbor sediments, Environmental 608 

Science and Technology 37, pp. 4213-4220. 609 

Calkins, D.G., 1978. Feeding behavior and major prey species of the sea otter Enhydra 610 

lutris in Montague Straits, Prince William Sound, Alaska, Fishery Bulletin 76, pp. 611 

125-131. 612 

Carls, M.G., Short, J.W., Payne, J.F., 2006. Accumulation of polycyclic aromatic 613 

hydrocarbons by Neocalanus copepods in Port Valdez, Alaska, Marine Pollution 614 

Bulletin 52, pp. 1480-1489. 615 



 

 

 

ACCEPTED MANUSCRIPT 

 

 28 

Ewald, G., Larsson, P., Linge, H., Okla, L., Szarzi, N., 1998. Biotransport of organic 616 

pollutants to an inland Alaska lake by migrating sockeye salmon (Oncorhynchus 617 

nerka), Arctic 51, pp. 40-47. 618 

Fernandez, P., Grimalt, J.O., 2003. On the global distribution of persistent organic 619 

pollutants, Chimia 57, pp. 514-521. 620 

Hayes, M.O., Michel, J., 1999.  Factors determining the long term persistence of Exxon 621 

Valdez oil in gravel beaches, Marine Pollution Bulletin 38, pp. 92-101. 622 

Hodson, P.V., Efler, S., Wilson, J.Y., El-Shaarawi, A., Maj, M., Williams, T.G., 1996. 623 

Measuring the potency of pulp mill effluents for induction of hepatic mixed 624 

function oxygenase activity in fish, Journal of Toxicology and Environmental 625 

Health 49, pp. 83-110. 626 

Huckins, J.N., Petty, J.D., Prest, H.F., Clark, R.C., Alvarez, D.A., Orazio, C.E., Lebo, 627 

J.A., Cranor W.L., Johnson, B.T. A Guide for the Use of Semipermeable 628 

Membrane Devices (SPMDs) as Samplers of Waterborne Hydrophobic 629 

Contaminants.  2000. Columbia, MO, Columbia Environmental Research Center, 630 

U.S. Geological Survey.  631 

Huggett, R.J., Stegeman, J.J., Page, D.S., Parker, K.R., Brown, J.S., 2003. Biomarkers in 632 

fish from Prince William Sound and the Gulf of Alaska:  1999-2000, Environmental 633 

Science and Technology 37, pp. 4043-4051. 634 

Jewett, S.C., Dean, T.A., Woodin, B.R., Hoberg, M.K., Stegeman, J.J., 2002. Exposure to 635 

hydrocarbons 10 years after the Exxon Valdez oil spill:  evidence from cytochrome 636 



 

 

 

ACCEPTED MANUSCRIPT 

 

 29 

P4501A expression and biliary FACs in nearshore demersal fishes, Marine 637 

Environmental Research 54, pp. 21-48. 638 

Karinen, J.F., Babcock, M.M., Brown, D.W., MacLeod, W.D., Ramos, L.S. 639 

Hydrocarbons in intertidal sediments and mussels from Prince William Sound, 640 

Alaska, 1977-1980:  Characterization and probable sources. PB-93-641 

159093/XAB;NOAA-TM-NMFS-AFSC--9. 1993.  642 

Krahn, M.M., Ylitalo, G.M., Buzitis, J., Sloan, C.A., Boyd, D.T., Chan, S., Varanasi, U., 643 

1994. Screening for planar chlorobiphenyl congeners in tissues of marine biota by 644 

high-performance liquid chromatography with photodiode array detection, 645 

Chemosphere 29, pp. 117-139. 646 

Krümmel, E.M., Macdonald, R.W., Kimpe, L.E., Gregory-Eaves, I., Demers, M.J., Smol, 647 

J.P., Finney, B., Blais, J.M., 2003. Delivery of pollutants by spawning salmon, 648 

Nature 425, pp. 255-256. 649 

Kvenvolden, K.A., Hostettler, F.D., Carlson, P.R., Rapp, J.B., 1995. Ubiquitous tar balls 650 

with a California-source signature on the shorelines of Prince William Sound, 651 

Alaska, Environmental Science and Technology 29, pp. 2684-2694. 652 

Kvitek, R.G., Oliver, J.S., 1992. Influence of sea otters on soft-bottom prey communities 653 

in Southeast Alaska, Marine Ecology Progress Series 82, pp. 103-113. 654 

Luellen, D.R., Shea, D., 2002.  Calibration and field verification of semipermeabl 655 

membrane devices for measuring polycyclic aromatic hydrocarbons in water, 656 

Environmental Science and Technology 36, pp. 1791-1797. 657 



 

 

 

ACCEPTED MANUSCRIPT 

 

 30 

Mackay, D., Shiu, W.Y., Ma, K.C., 1993.  Illustrated handbook of physical-chemical 658 

properties and environmental fate for organic chemicals.  Polynuclear aromatic 659 

hydrocarbons, polychlorinated dioxins, and dibenzofurans.  Lewis publishers, 121 660 

South Main Street, Chelsea, Michigan 48118, 597 p. 661 

Matsuo, A.Y.O., Woodin, B.R., Reddy, C.M., Val, A.L., Stegeman, J.J., 2006. Humic 662 

substances and crude oil induce cytochrome P450 1A expression in the Amazonian 663 

fish species Colossoma macropomum (Tabaqui), Environmental Science and 664 

Technology 40, pp. 2851-2858. 665 

Meadows, J.C., Echols, K.R., Huckins, J.N., Borsuk, F.A., Carline, R.F., Tillitt, D.E., 666 

1998. Estimation of uptake rate constants for PCB congeners accumulated by 667 

semipermeable membrane devices and brown trout (Salmo trutta), Environmental 668 

Science and Technology 32, pp. 1847-1852. 669 

Neff, J.M., Bence, A.E., Parker, K.R., Page, D.S., Brown, J.S., Boehm, P.D.  2006.  670 

Bioavailabilityof polycyclic aromatic hydrocarbons from buried shoreline oil 671 

residues thirteen years after the Exxon Valdez oil spill:  A multispecies assessment, 672 

Environmental Toxicology and Chemistry 25, pp. 947-961. 673 

Page, D.S., Boehm, P.D., Douglas, G.S., Bence, A.E., Mankiewicz, P.J., 1996. The 674 

natural petroleum hydrocarbon background in subtidal sediments of Prince William 675 

Sound, Alaska, USA, Environmental Toxicology and Chemistry 15, pp. 1266-1281. 676 

Payne, J.R., Driskell, W.B., Lindeberg, M.R., Fournier, W., Larsen, M.L., Short, J.W., 677 

Rice, S.D., Janka, D. Dissolved- and particulate-phase hydrocarbons in interstitial 678 



 

 

 

ACCEPTED MANUSCRIPT 

 

 31 

water from Prince William Sound intertidal beaches containing buried oil thirteen 679 

years after the Exxon Valdez Oil Spill. 2005 International Oil Spill Conference, 680 

American Petroleum Institute.  2005.  681 

Pohl, R.J., Fouts, J.R., 1980. A rapid method for assaying the metabolism of 7-682 

ethoxyresorufin by microsomal subcellular fractions, Analytical Biochemistry 107, 683 

pp. 150-155. 684 

Schwartz, J.A., Aldridge, B.M., Lasley, B.L., Snyder, P.W., Stott, J.L., Mohr, F.C., 2004. 685 

Chronic fuel oil toxicity in American mink (Mustela vison):  systemic and 686 

hematological effects of ingestion of a low-concentration of bunker C fuel oil, 687 

Toxicology and Applied Pharmacology 200, pp. 146-158. 688 

Short, J.W., Babcock, M.M., 1996. Prespill and postspill concentrations of hydrocarbons 689 

in mussels and sediments in Prince William Sound. In: S. D. Rice, R. B. Spies, D. 690 

A. Wolfe and B. A. Wright (Eds.). Proceedings of the Exxon Valdez Oil Spill 691 

Symposium. American Fisheries Society Symposium 18, Bethesda, Maryland, pp. 692 

149-166. 693 

Short, J.W., Jackson, T.J., Larsen, M.L., Wade, T.L., 1996. Analytical methods used for 694 

the analysis of hydrocarbons in crude oil, tissues, sediments, and seawater collected 695 

for the natural resources damage assessment of the Exxon Valdez oil spill. In: S. D. 696 

Rice, R. B. Spies, D. A. Wolfe and B. A. Wright (Eds.). Proceedings of the Exxon 697 

Valdez Oil Spill Symposium, Symposium 18. American Fisheries Society, pp. 140-698 

148. 699 



 

 

 

ACCEPTED MANUSCRIPT 

 

 32 

Short, J.W., Irvine, G.V., Mann, D.H., Maselko, J.M., Pella, J.J., Lindeberg, M.R., Payne, 700 

J.R., Driskell, W.B., Rice, S.D. 2007.  Slightly weathered Exxon Valdez oil persists 701 

on Gulf of Alaska beach sediments after 16 years. Environmental Science and 702 

Technology 41, pp. 1245-1250. 703 

Short, J.W., Heintz, R.A., 1997. Identification of Exxon Valdez oil in sediments and 704 

tissues from Prince William Sound and the northwestern Gulf of Alaska based on a 705 

PAH weathering model, Environmental Science and Technology 31, pp. 2375-2384. 706 

Short, J.W., Lindeberg, M.R., Harris, P.M., Maselko, J.M., Pella, J.J., Rice, S.D., 2004. 707 

Estimate of oil persisting on the beaches of Prince William Sound 12 years after the 708 

Exxon Valdez oil spill, Environmental Science and Technology 38, pp. 1564-1572. 709 

Short, J.W., Springman, K.R., 2006. Identification of hydrocarbons in biological samples 710 

for source determination. In: Z. Wang and S. A. Stout (Eds.). Oil Spill 711 

Environmental Forensics - Fingerprinting and Source Identification. Elsevier 712 

Science, London. 713 

Short, J.W., Maselko, J.M., Lindeberg, M.R., Harris, P.M., Rice, S.D., 2006. Vertical 714 

distribution and probability of encountering intertidal Exxon Valdez oil on 715 

shorelines of three embayments within Prince William Sound, Alaska, 716 

Environmental Science and Technology 40, pp. 3723-3729. 717 

Short, J.W., Kolak, J.J., Payne, J.R., VanKooten, G.K., 2007.  An evaluation of 718 

petrogenic hydrocarbons in northern Gulf of Alaska continental shelf sediments – 719 

The role of coastal oil seep inputs, Organic Geochemistry 38, pp. 643-670. 720 



 

 

 

ACCEPTED MANUSCRIPT 

 

 33 

Sloan, C.A., Brown, D.W., Pearce, R.W., Boyer, R.H., Bolton, J.L., Burrows, D.G., 721 

Herman, D.P., Krahn, M.M. Procedures for Extraction, Cleanup and Gas 722 

Chromatography/Mass Spectrometry Analysis of Sediments�and Tissues for 723 

Organic Contaminants. NOAA Tech. Memo. NMFS-NWFSC-59, 1-47. 2004.  US 724 

Dept of Commerce.  725 

Sloan, C.A., Brown, D.W., Pearce, R.W., Boyer, R.H., Bolton, J.L., Burrows, D.G., 726 

Herman, D.P., Krahn, M.M., 2005. Determining aromatic hydrocarbons and 727 

chlorinated hydrocarbons in sediments and tissues using accelerated solvent 728 

extraction and gas chromatography/mass spectrometry. In: G. K. Ostrander (Eds.). 729 

Techniques in Aquatic Toxicology. CRC Press, Boca Raton. 730 

Springman, K.R., Short, J.W., Lindeberg, M.R., Maselko, J.M., Kahn, C., Hodson, P.V., 731 

Rice, S.D. 2008.  Semipermeable membrane devices link site-specific contaminants 732 

to effects: Part I—induction of CYP1A in rainbow trout from contaminants In 733 

Prince William Sound, Alaska. 734 

Stern, G.A., Halsall, C.J., Barrie, L.A., Muir, D.C.G., Fellin, P., Rosenberg, B., 735 

Rovinsky, F.Y., Kononov, E.Y., Pastuhov, B., 1997. Polychlorinated biphenyls in 736 

Arctic air .1. Temporal and spatial trends: 1992-1994, Environmental Science and 737 

Technology 31, pp. 3619-3628. 738 

Sundberg, H., Ishaq, R., Åkerman, G., Tjärnlund, U., Zebühr, Y., Linderoth, M., Broman, 739 

D., Balk, L., 2005. A bio-effect directed fractionation study for toxicological and 740 

chemical characterization of organic compounds in bottom sediment, Toxicological 741 

Sciences 84, pp. 63-72. 742 



 

 

 

ACCEPTED MANUSCRIPT 

 

 34 

Trust, K.A., Esler, D., Woodin, B.R., Stegeman, J.J., 2000. Cytochrome P450 1A 743 

induction in sea ducks inhabiting nearshore areas of Prince William Sound, Alaska, 744 

Marine Pollution Bulletin 40, pp. 397-403. 745 

Van Drooge, B.L., Grimalt, J.O., Camarero, L., Catalan, J., Stuchlik, E., García, C.J.T., 746 

2004. Atmospheric semivolatile organochlorine compounds in European high-747 

mountain areas (central Pyrenees and high Tatras), Environmental Science and 748 

Technology 38, pp. 3525-3532. 749 

Woodin, B.R., Smolowitz, R.M., and Stegeman, J.J.  1997.  Induction of cytochrome 750 

P4501A in the intertidal fish Anoplarchus purpurescens by Prudhoe Bay crude oil 751 

and environmental induction in fish from Prince William Sound.  Environmental 752 

Science and Technology 31:1198-1205. 753 

Tables 754 
 755 
Table 1.  Names and abbreviations of contaminants analyzed in SPMDs. 756 

 757 
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devices deployed in Prince William Sound, Alaska during 2004, and injected into 759 
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 769 
 770 
 771 
Figure Legends 772 

 773 

Figure 1.  Map of study region.  Site numbers are also listed in Table 2.  Dashed lines 774 

indicate Alaska Department of Fish and Game districts. 775 

 776 

Figure 2.  Relative PAH concentrations accumulated by SPMDs deployed at (A) Cordova 777 

harbor (site 1), (B) Chenega harbor, Sawmill Bay and Windy Bay (sites 2, 26 and 44), 778 

and (C) Sawmill Bay salmon hatchery (site 13).   Vertical lines indicate ranges here and 779 

following.  See Table 1 for PAH abbreviations. 780 

 781 

Figure 3.  Proportions of total PCB concentrations of all field SPMD samples analyzed 782 

for this study (N = 94).  Numbers on abscissa identify PCB homologues (see Table 1).   783 

 784 

Figure 4.  Relative PAH concentrations accumulated by SPMDs deployed at oiled (A) 785 

ANS sites 3 – 7, (B) surface (sites 8 and 10 – 12) and (C) subsurface (site 9) Monterey 786 

Formation sites.  787 

 788 

Figure 5. Relative PAH concentrations accumulated by the SPMD deployed at site 15 789 

(W. H. Noerenburg salmon hatchery on Esther Island) (site 15, Table 2).  See Table 1 for 790 

PAH homologue abbreviations. 791 

 792 
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Figure 6.  EROD response following injection of contaminants expressed as (A) TPAH 793 

and (B) total chrysenes accumulated by SPMDs into rainbow trout.  794 
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Figure 3.  
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Figure 6.  
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Table 1.  

PAH

PCB 
Homologue 

Number Pesticide
Naphthalene N0 17 Hexachlorobenzene
C1-Naphthalenes N1 18 α-Hexachlorocyclohexaneohexane
C2-Naphthalenes N2 28 β-Hexachlorocyclohexane
C3-Naphthalenes N3 31 Lindane
C4-Naphthalenes N4 33 α-Chlordane
Biphenyl bip 44 cis-Nonachlor
Acenaphthene ace 49 γ-Chlordane
Acenaphthylene acn 52 Heptachlor
Fluorene F0 66 Heptachlor epoxide
C1-Fluorenes F1 70 Nonachlor III
C2-Fluorenes F2 74 oxy-Chlordane
C3-Fluorenes F3 82 trans-Nonachlor
C4-Fluorenes F4 87 Aldrin
Dibenzothiophene D0 95 Dieldrin
C1-Dibenzothiophenes D1 99 Mirex
C2-Dibenzothiophene D2 101 endo-Sulfan I
C3-Dibenzothiophene D3 105 o,p'-DDD
C4-Dibenzothiophene D4 110 o,p'-DDE
Phenanthrene P0 118 o,p'-DDT
C1-
Phenanthrenes/Anthracenes P1 128 p,p'-DDD
C2-
Phenanthrenes/Anthracenes P2 138 p,p'-DDE
C3-
Phenanthrenes/Anthracenes P3 149 p,p'-DDT
C4-
Phenanthrenes/Anthracenes P4 151
Anthracene A0 153 + 132
Fluoranthene flu 156
Pyrene pyr 158
C1-Fluoranthenes/Pyrenes FP1 170
C1-Fluoranthenes/Pyrenes FP2 171
C1-Fluoranthenes/Pyrenes FP3 177
C1-Fluoranthenes/Pyrenes FP4 180
Benz[a]anthracene baa 183
Chrysene C0 187
C1-Chrysenes C1 191
C2-Chrysenes C2 194
C3-Chrysenes C3 195
C4-Chrysenes C4 199
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Benzo[b]fluoranthene bbf
Benzo[k]fluoranthene bkf 205
Benzo[e]pyrene bep 206
Benzo[a]pyrene bap 208
Perylene per 209
Indeno[1,2,3-cd]pyrene icp
Dibenz[a,h]anthracene dba
Benzo[ghi]perylene bgp
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Table 2.  

Contaminant Concentration
ng g-1 SPMD

Contaminant Amount
Injected into Fish, mg kg-1

Mean
EROD Response
pmol mg-1 min-1

Site
(number) PAH Chry PCB Pest PAH Chry PCB Pest 2 day 7 day
Cordova
Harbor

(1) 73,700 1,630 6.31 2.26 7.66 0.169 0.0007 0.0005 36.8

Chenega
Harbor

(2) 1,690 50 32.9 4.53 0.176 0.005 0.0034 0.0005 5.80 2.97

ANS
(3) 170,000 11,300 0.60 0.44 17.70 1.177 0.0001 <LOQ 59.4 100
(3) 8,920 766 2.40 0.95 0.93 0.080 0.0002 0.0001 40.1 16.0
(4) 49,400 3,610 0.50 0.36 5.13 0.375 0.0001 <LOQ 37.0 15.4
(4) 46,800 2,890 3.29 0.16 4.87 0.300 0.0003 <LOQ 45.4
(4) 28,900 2,220 0.98 0.00 3.00 0.231 0.0001 <LOQ 33.6
(5) 27,000 2,380 1.33 0.53 2.81 0.248 0.0001 0.0001 27.5 2.73
(6) 263,000 18,100 0.58 0.00 27.40 1.880 0.0001 <LOQ 72.1 6.03
(6) 145,000 9,500 0.68 0.47 15.10 0.988 0.0001 <LOQ 51.0 11.2
(7) 66,000 3,140 0.54 0.21 6.86 0.327 0.0001 <LOQ 52.7 26.3

ANS
Controls

(3) 176 <LOQ 3.38 3.58 0.02 <LOQ 0.0004 0.0004 1.78 0.58
(4) 209 <LOQ 10.7 3.80 0.02 <LOQ 0.0011 0.0004 3.25 1.58
(5) 132 <LOQ 2.67 2.29 0.01 <LOQ 0.0003 0.0002 2.56 0.83
(6) 299 <LOQ 2.76 2.42 0.03 <LOQ 0.0003 0.0003 2.56 0.47
(7) 178 <LOQ 3.73 3.32 0.02 <LOQ 0.0004 0.0003 1.52 2.64

Human
Activity

(8) 20,900 105 2.31 2.57 2.17 0.011 0.0002 0.0003 4.61 2.74
(9) 12,100 817 5.60 1.50 1.26 0.085 0.0006 0.0002 37.6 15.7

(10) 836 26 3.02 5.07 0.09 0.003 0.0003 0.0005 2.91 2.07
(11) 392 13 12.4 4.39 0.04 0.001 0.0013 0.0005 6.40 1.75
(12) 1,280 68 5.51 1.33 0.13 0.007 0.0006 0.0001 5.44 1.54

Human
Activity
Controls

(8) 69 <LOQ 2.76 3.84
(8) 41 <LOQ 3.42 2.28

(10) 184 <LOQ 1.96 3.03
(10) 120 <LOQ 1.24 2.73
(11) 229 4 24.0 2.15
(11) 60 <LOQ 2.40 2.49
(12) 49 <LOQ 1.91 2.36
(12) 42 <LOQ 1.96 4.52

Salmon
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Hatcheries

(13) 15,200 780 3.91 1.33 1.58 0.081 0.0004 0.0001 34.8 4.90
(14) 149 <LOQ 2.84 2.37 0.02 <LOQ 0.0003 0.0002 1.99 1.49
(15) 10,900 <LOQ 3.64 1.02 1.13 <LOQ 0.0004 0.0001 2.53 2.15
(16) 329 <LOQ 2.93 4.39 0.03 <LOQ 0.0003 0.0005 4.88 1.55
(17) 233 <LOQ 5.51 2.88 0.02 <LOQ 0.0006 0.0003 2.53 2.00

Salmon
Streams
Spring
(18) 211 <LOQ 2.93 3.03 0.022 <LOQ 0.0003 0.0003 2.47 1.41
(19) 585 <LOQ 2.22 0.94 0.061 <LOQ 0.0002 0.0001 2.68 0.98
(20) 150 <LOQ 2.76 2.74 0.016 <LOQ 0.0003 0.0003 2.75 1.48
(21) 168 <LOQ 2.67 2.61 0.017 <LOQ 0.0003 0.0003 2.84 1.71
(22) 191 <LOQ 4.71 3.32 0.020 <LOQ 0.0005 0.0003 2.60 1.52

Salmon
Streams
Summer

(18) 57 <LOQ 3.11 2.76 0.006 <LOQ 0.0003 0.0003 3.48 1.13
(19) 99 <LOQ 1.87 1.79 0.010 <LOQ 0.0002 0.0002 3.24 1.53
(20) 125 <LOQ 7.02 4.33 0.013 <LOQ 0.0007 0.0004 5.73 4.79
(21) 103 <LOQ 2.49 2.78 0.011 <LOQ 0.0003 0.0003 3.96 3.00
(22) 107 <LOQ 6.67 3.02 0.011 <LOQ 0.0007 0.0003 3.60 1.76

Random
Sites

Spring
(23) 179 <LOQ 8.89 3.82 0.019 <LOQ 0.0009 0.0004 2.67 0.59
(24) 211 <LOQ 15.1   3.41 0.022 <LOQ 0.0016 0.0004 1.98 1.76
(25) 205 <LOQ 3.38 3.30 0.021 <LOQ 0.0004 0.0003 2.97 0.65
(26) 374 2 41.8 5.52 0.039 <LOQ 0.0043 0.0006 3.56 1.48
(27) 79 <LOQ 2.67 3.98
(28) 49 <LOQ 2.49 3.60
(29) 59 <LOQ 1.24 1.21
(30) 33 <LOQ 2.09 3.41
(31) 110 <LOQ <LOQ 2.67
(32) 113 <LOQ 0.68 0.89
(33) 322 <LOQ 1.73 2.49
(34) 93 <LOQ 2.40 3.52
(35) 25 <LOQ 2.18 3.31
(36) 70 <LOQ 1.78 2.50
(37) 69 <LOQ 2.04 3.32
(38) 35 <LOQ 2.44 2.43
(39) 29 <LOQ 2.67 3.59

Random
Sites

Summer
(40) 102 <LOQ 2.22 1.62 0.011 <LOQ 0.0002 0.0002 1.81 1.86
(41) 128 <LOQ 2.13 3.30 0.013 <LOQ 0.0002 0.0003 2.38 1.70
(42) 127 <LOQ 3.56 3.13 0.013 <LOQ 0.0004 0.0003 3.10 1.64
(43) 77 <LOQ 4.00 2.75 0.008 <LOQ 0.0004 0.0003 4.78 0.98
(44) 442 <LOQ 6.13 1.72 0.046 <LOQ 0.0006 0.0002 1.70 1.97
(45) 91 <LOQ 1.56 3.03
(46) 48 <LOQ 2.49 2.82
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(47) 56 <LOQ 1.96 2.39
(48) 71 <LOQ 2.49 3.25
(49) 40 <LOQ 1.87 2.75
(50) 138 <LOQ 4.31 2.78
(51) 208 <LOQ 2.18 2.25
(52) 104 <LOQ 5.78 3.96

Constantine
Harbor

(53) 197 <LOQ 2.93 3.48 0.020 <LOQ 0.0003 0.0004 2.83 1.39

Regional
Control
SEAK
(54) 258 <LOQ 3.11 4.61 0.027 <LOQ 0.0003 0.0005 2.59 1.87

Field
Blanks

(18) 109 <LOQ 2.31 1.35 0.011 <LOQ 0.0002 0.0001 3.80 1.61
(42) 132 <LOQ 16.3 1.05 0.008 <LOQ 0.0010 0.0001 3.57 4.82

213 3 3.41 1.07
88 <LOQ 3.20 0.08
63 <LOQ 2.80 2.74

(27) 127 <LOQ 2.00 1.56
120 3 2.84 4.73

83 <LOQ 2.76 2.11

Lab
Blanks

89 <LOQ <LOQ 2.92 0.009 <LOQ <LOQ 0.0003 2.80 1.17
71 <LOQ <LOQ 0.31 0.007 <LOQ <LOQ <LOQ 6.40 5.02
63 <LOQ 0.40 0.58 0.001 <LOQ <LOQ <LOQ 2.80 1.17

0 <LOQ <LOQ 0.03
18 <LOQ <LOQ 0.32




